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INTRODUCTION
Adenoviruses (Ads) are excellent mammalian gene transfer vectors because of their stability, their ability to efficiently infect a wide variety of quiescent and proliferating cell types from various species to direct high-level viral gene expression, the relative ease with which their 36-kb dsDNA genome can be manipulated by molecular biology techniques and the ease by which they can be propagated and purified to high titers. Consequently, Ads are extensively used as vectors for recombinant vaccines, high-level protein production in cultured cells and gene therapy (2, 8, 10, 12) .
A popular method for constructing Ad vectors relies on homologous recombination between two plasmids cotransfected into 293 cells (3) . In this method, foreign DNA is inserted into a small shuttle plasmid that contains the left end of the Ad genome including the inverted terminal repeat (ITR), the packaging signal and a multiple cloning region in place of E1 for foreign DNA insertion. The second plasmid contains the entire Ad genome modified to be noninfectious. Foreign DNA is rescued into recombinant viruses by in vivo homologous recombination between overlapping Ad sequences following cotransfection of 293 cells. This method offers several advantages over others for its simplicity, but the efficiency of vector rescue is low because of inefficient homologous recombination.
We recently improved the efficiency of the two-plasmid rescue method 100-fold over the original approach by inserting a lox P site into the plasmids and substituting Cre-mediated for homologous recombination and by replacing the single ITR in the shuttle plasmids with an ITR junction (13, 14) . The simplicity, efficiency and reliability of this method make it ideal for the routine construction of most Ad vectors. However, this method is incompatible with the construction of vectors that have lox P sites elsewhere in the genome designed, for example, to regulate transgene expression (1, 4, 7) or to inhibit vector packagability (15) .
We addressed this limitation by developing a two-plasmid rescue method based on FLP-mediated site-specific recombination and compared it with the Cre/ lox P system. FLP-mediated recombination can now be used as an alternative to Cre-mediated recombination when the latter is unsuitable or undesirable for vector construction.
MATERIALS AND METHODS
The plasmids used in these studies were constructed by standard protocols, prepared by the alkaline lysis method (5) and purified by CsCl-density gradient centrifugation. The FLP expression cassette in pBHGfrt ∆ E1,3FLP was a generous gift from Volker Sandig, Merck Research Laboratories (West Point, PA, USA). Propagation of 293 cells (9) and co-transfections were performed as described (11) . β -galactosidase expression from viral or mock-infected cells was determined by X-Gal staining as described (13) .
RESULTS AND DISCUSSION
We recently described a simple and efficient method of constructing Ad vectors based on Cre-mediated sitespecific recombination between two plasmids co-transfected into 293 cells (13, 14) . Since the use of Cre recombinase may not always be desirable, we developed an alternative method based on site-specific recombination between frt sites catalyzed by FLP recombinase (6) and compared the two systems by rescuing vectors expressing β -galactosidase ( Figure 1) .
The shuttle plasmids used in this study, pCA35lox ∆ ITR and pCA35 -frt ∆ ITR, are shown in Figure 2 . Essential features include an ITR junction, a packaging signal and a LacZ expression cassette, followed by a lox P site in pCA35lox ∆ ITR or an frt site in pCA35frt ∆ ITR. The Ad genomic plasmids used in this study, pBHGlox ∆ E1, 3Cre and pBHGfrt ∆ E1,3FLP, have a deletion of the E1 region including the packaging signal, rendering them noninfectious ( Figure 2 ). A lox P or an frt site has been inserted near the 5 ′ end of the pIX gene of pBHGlox ∆ E1,3Cre and pBHGfrt ∆ E1,3FLP, respectively, to permit site-specific recombination with the appropriate shuttle plasmid. The Cre or FLP expression cassette has been inserted in pBHGlox ∆ E1,3Cre and pBHGfrt ∆ E1,3FLP, respectively, to provide transient recombinase expression and induce site-specific recombination following co-transfection of any Ad5 E1-complementing cell line. The recombinase expression cassettes were inserted into the Ad genomic plasmid so that they are not rescued into the recombinant vector following site-specific recombination ( Figure 1) (14) .
To compare the efficiencies of Creversus FLP-mediated vector 293 cells were co-transfected with the appropriate combination of plasmids, and the numbers of plaques generated were counted ( Table 1) . As seen from our previous study (13, 14) , high-efficiency vector rescue was achieved by Cre-mediated recombination following cotransfection of 293 cells with pCA35 -lox ∆ ITR and pBHGlox ∆ E1,3Cre as evident by the large numbers of plaques generated (Table 1) . Similar numbers of plaques were obtained following cotransfections with pCA35frt ∆ ITR and pBHGfrt ∆ E1,3FLP, indicating that the efficiencies of Cre-and FLP-mediated vector rescue were comparable. We previously showed that all analyzed plaques that were generated by Cre-mediated recombination had the correct DNA structure and expressed the foreign transgene (13, 14) . To determine if this was also the case for FLP-mediated vector rescue, 21 plaques were isolated for analysis. All plaques had the expected DNA structure as determined by restriction enzyme analysis of the vector DNA, and all were positive for β -galactosidase expression (data not shown).
Construction of Ad vectors by these approaches offers several advantages over other methods. (i) The method requires only two steps-insertion of the foreign DNA into a small (3-4 kb) shuttle plasmid, followed by co-transfection of 293 cells with an Ad genomic plasmid. (ii) Only plasmid DNA are required as substrates that can be propagated in any routinely used E. coli strain. (iii) Unlike other methods that require linearization of plasmid DNA before transfection, neither the shuttle plasmid nor the genomic plasmid requires restriction endonuclease digestion. This is especially important if the restriction enzyme site used to release the Ad genome is also present in the foreign DNA, thus rendering these methods unsuitable. (iv) Many plaques, which start to appear as early as five days after co-transfection, are obtained to virtually guarantee successful vector rescue. (v) All plaques have the expected DNA structure and express the foreign transgene.
We have now constructed a variety of shuttle plasmids to permit cloning of virtually any foreign DNA up to about 8 kb for Ad vector construction by either Cre-or FLP-mediated recombination. These shuttle plasmids and the Ad genomic plasmids used in these studies can be obtained from Microbix Biosystems (www.microbix.com). We and a 60-mm dishes of 293 cells were co-transfected with 2 µ g each plasmid, and plaques were counted 10 days after co-transfection. The shuttle plasmids pCA35lox ∆ ITR and pCA35frt ∆ ITR contain an ITR junction, a packaging signal ( ψ ), a LacZ expression cassette and a lox P site in the former and an frt site in the latter. The noninfectious Ad genomic plasmid pBHGlox ∆ E1,3Cre (14) contains the entire Ad5 genome except for deletions of E1 including ψand E3, a lox P site 5 ′of the pIX gene and a Cre expression cassette in place of E1. The plasmid pBHGfrt ∆ E1,3FLP is identical to pBHGlox ∆ E1,3Cre except for replacement of the lox P with an frt site and the Cre with the FLP expression cassette. Thick and thin lines represent Ad and bacterial plasmid sequences, respectively. Arrowhead represents lox P or frt sites, and small black arrows represent ITRs.
